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Summary Since cells isolated from the developing tooth possess an enormous regenerative
potential, it has been proposed that they could be applied to the in vivo regeneration of teeth in
dental practice. The generation of the entire tooth structure depends upon the developmental
stage of tooth when the cells are harvested.
This review focuses on the performance of postnatal and adult dental cells that have been
used for generating teeth. Their ability to contribute to tooth development was assessed in the
omentum or in the tooth socket. Adult dental cells were limited in their potential owing to various
parameters. From these results described, new approaches for regenerated teeth are proposed in
this review. One strategy to replace teeth is tooth root engineering using tissue from postnatal
teeth. Since the enamel organ epithelium disappears after tooth maturation, the epithelial rest
cells of Malassez were evaluated to determine their capacity to generate enamel. From these
results, it is suggested that erupted mature teeth have cell sources with the capacity to produce
tooth root. The development of biological approaches for tooth root regeneration using postnatal
dental cells is promising and remains one of the greatest challenges in the dental field in the years
to come.
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We use our teeth every day and rely on them for masticating,
communication and facial esthetic appearance. Tooth loss and
dental diseases such as periodontitis and caries, as well as
fractures and genetically derived dental malformations are
widespread in industrial countries. The tooth is composed of
three types of highly mineralized hard tissues: enamel, dentin
and cementum. These mature tissues are generated from the
sequential and reciprocal interactions between the oral
epithelium and the underlying cranial neural crest-derived
mesenchyme. Adult permanent tooth are not shed or regrown,
so in order to repair or replace teeth, current treatments
predominantly focus on artificial solutions. These include den-
tures and dental implants composed of biocompatible materi-
als such as titanium. These non-biological substitutes have
several disadvantages such as discomfort, inefficient mastica-
tion, injury to the surrounding tissues and inadequate long-
term stabilization. As a result, it is desirable to develop a new
biological approach to more efficiently address this problem.
Such a biological strategy is to grow new teeth using the
patient’s own cells. In this procedure, the patient’s own stem
cells are harvested, expanded in culture and then implanted
in the patient’s jaw. Tooth structures have been experimen-
tally reconstructed by mimicking the natural process of tooth
development using dental cells either with or without a
biodegradable scaffold. Both pre- and postnatal dental cells
have the potential to produce tooth structures [1—8] but the
reconstruction of a normal tooth is a difficult process.
Furthermore, the results from embryonic and postnatal den-
tal cells differ considerably (see a review [9]). To date there
have been no reports of the successful generation of a
regenerated tooth using human dental cells. One reason
for this may be that it is difficult to obtain sufficient appro-
priate tooth-forming cells from the adult human body. The
tooth is an organ, which is more complex than bone or
cartilage and develops from the complex interactions
between the epithelium and mesenchyme. Previous studies
have shown that embryonic dental cells can form tooth
structures, but in the more readily obtainable postnatal
dental cells, this capacity was reduced [9]. In this review
we provide an overview of recent advances in tooth regen-
eration, tissue engineering approaches as well as a descrip-
tion of the first study of tooth-tissue engineering. We
describe the issues that must be addressed in order to
successfully regenerate teeth using postnatal dental cells.
2. The principle of tissue engineering
The partial or complete loss of an organ in an individual
represents a major clinical problem. The difficulties asso-ciated with the surgical replacement of the organ are prin-
cipally the shortage of donor organs and the increased risk of
infection associated with implanting foreign materials [10].
To overcome these shortcomings, the new interdisciplinary
field of tissue engineering has emerged that applies the
principles and methods of engineering to biomedical pro-
blems. Tissue engineering technologies has encompassed the
use of synthetic materials as biological substitutes to repair
tissues and to recruit cells to stimulate organ function.
Engineered materials can utilize a combination of tissue
specific stem cells, biomaterials, suitable biochemical fac-
tors and physiological conditions.
In the first application of modern tissue engineering to a
disease condition, Chick et al. placed pancreas islet cells
within semi-permeable membranes to improve glucose reg-
ulation in diabetic individuals [11]. At present, artificially
cultured skin consisting of fibroblast cells seeded onto col-
lagen scaffolds are used in clinical practice in the treatment
of burns and diabetic ulcers [12]. As a result, skin was the first
tissue-engineered organ to receive FDA approval in the Uni-
ted States. Moreover, there have been many clinical cases of
skin treatment using subcultured epidermis [13,14]. This
technique was approved in 2008 by the Ministry of Health,
Labour andWelfare in Japan [15,16], whichmarks a new start
for tissue engineering in Japan.
Successful and effective tissue engineering requires three
components to ensure the development of a new organ.
Polymer scaffolds mimic the natural extracellular matrix
(ECM) environment and can be produced from natural or
synthetic materials. The scaffold must be biocompatible
and biodegradable, support cell attachment and growth,
and subsequently facilitate new tissue and organ develop-
ment. Materials derived from natural sources such as col-
lagen, hydroxyapatite (HA) and Matrigel1 have been used
frequently as extracellular matrices because they mimic the
native cellular environment. Collagen sponge has a number
of advantages as a scaffold including its similarity in compo-
sition to the extracellular matrix, its low immunogenicity and
cytotoxicity, and the efficiency with which it can form dif-
ferent shapes [17,18].
Various biodegradable synthetic polymers, such as poly-
glycolic acid (PGA) [19,20], poly-L-lactic-e-caprolactone
copolymer [21—23], and polyglycolic acid-poly-L-lactic acid
copolymer [24,25], have also been used as scaffolds for tissue
engineering. Synthetic materials have some advantages
because their properties such as strength, degradation per-
iod, porosity, and microstructure can be controlled during
manufacture. Cell attachment to these polymers can be
improved either by modifying the polymer chemically or
by coating them. Polymer scaffolds can be fabricated readily
and reproducibly in defined shapes and sizes in designing an
optimal tissue engineering strategy [26].
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regeneration
The first report of tooth regeneration using classical tissue
engineering techniques came from the Forsyth Group in
collaboration with Dr. Vacanti in 2002 [7]. The route to
establishing novel tooth regeneration technology will come
from an understanding of the mechanism of tooth develop-
ment. During this process the oral epithelium invaginates into
the underlying ectomesenchymal tissue to form a tooth germ
[27—29]. Tooth germ is composed predominantly of threeFigure 1 (A) Schematic diagram of the strategy used to produce tee
the jaw and resident tooth tissue is dissociated into single cell popu
onto scaffolds, which is subsequently transplanted into the body. (B)
the scaffold (arrow: enamel organ epithelial cells). (C) Tissue-eng
strategy. Enamel (e), dentin (d), and pulp (p) are identified in the s
transplantation.tissues: dental epithelium, which is involved in enamel for-
mation; dental pulp, which is involved in dentin—pulp com-
plex formation and dental follicle, which is involved in
periodontium formation. These three types of cells are
always required and the source of these cells is an important
issue in engineering tooth regeneration.
Fig. 1A shows an outline of a preliminary strategy for tooth
regeneration using the adult tooth as the source of cells. The
tooth is at the crown formation stage when it contains the
three required tissues. In this strategy, the three tissues are
harvested from the third molar tooth of 6-month-old pigs andth by tissue engineering. The third molar tooth is harvested from
lations. The isolated heterogeneous cell populations are seeded
Dental cells are capable of attaching to the PGA mesh that forms
ineered teeth regenerated by a traditional tissue engineering
caffold by hematoxylin—eosin (H—E) staining at 20 weeks after
Engineered tooth regeneration 57are dissociated into single cell suspensions. The mixed cell
populations are combined in a PGA mesh and the constructs
are wrapped in omentum of immunocompromised rats and
allowed to grow. Fig. 1B shows scanning electron microscope
images of epithelial cells attached to the PGA mesh that is
coated with collagen. This transplantation study demon-
strated the generation of tooth structures including enamel
and dentin—pulp complex but did not generate the period-
ontal ligament and nerve system (Fig. 1C). It should be noted
that stem/progenitor cells that have capacity to induce the
generation of tooth structures already exist in the tooth at
the crown formation stage. There are several issues that
need to be addressed to produce a complete tooth. Firstly,
the success rate of the production of tooth structure is quite
low. Secondly, most regenerated teeth that have been pro-
duced so far exhibit a disorganized heterogeneous morphol-
ogy. Thirdly, the regenerated teeth do not reach the
expected size of natural teeth. The natural length of the
porcine mandibular third molar is approximately 30 mm
whereas the mean dimension of the regenerated teeth was
approximately 2 mm  3 mm (length  width) at 20—25
weeks after transplantation.
The scaffold provides a three-dimensional space for cells,
supports cellular differentiation and eventually guides cel-
lular organization into a defined architecture. As a result, the
scaffold plays an important role in the success rate and
quality of engineered tissues. At present the optimal scaffold
for engineering tooth regeneration is unknown. Therefore,
we examined the performance of collagen sponge, which has
been widely used in controlling the shape and size of artificial
bone and cartilage [6]. The potential of collagen sponge was
compared with PGA mesh (fiber diameter = 13 mm; densi-
ty = 60 mg/mL; Albany International Research Co., Mans-
field, MA, USA) (Fig. 2A and B). The collagen sponge was
made from collagen extracted from porcine skin and contains
75% (dry weight) type I atelocollagen and 25% type III ate-
locollagen (Osaka, Japan) (product number, CL025-PH56/
FD90H48-02F26). The number of attached cells in the col-
lagen sponge was significantly higher than in the PGA mesh.
The level of the cellular differentiation was determined by
measuring the alkaline phosphatase (ALP) activity after 7
days. By this criterion, the collagen sponge scaffold is sig-
nificantly more effective than the PGA fiber mesh scaffold in
inducing cellular differentiation. These results indicate that
the collagen sponge is more useful in inducing odontogenesis
from dental cells. Both scaffolds with dental cells attached
were transplanted to assess their tooth regeneration poten-
tial according to the previous in vivo study [4,7]. The propor-
tion of tooth tissue formation was evaluated to assess the
effect of different types of scaffold (Table 1). The resulting
data show that the success rate of production of tooth tissues
was higher using the collagen sponge than with the PGA
mesh. An examination of the histology of the regenerated
teeth from both scaffolds showed normal tooth morphology
with the collagen sponge (Fig. 2C). This was the first report of
a regenerated tooth with a complete tooth structure includ-
ing the root. Examination of the tooth at higher magnification
showed that the reduced enamel epithelium remains on the
top of the enamel (Fig. 2D) and that the cementum (Fig. 2E)
and Hertwig’s epithelial root sheath was developed (Fig. 2F).
It should be noted that most regenerated teeth show irre-
gular tooth morphology with the occurrence of the normaltooth morphology being <5% of all implants. These data
suggest that the two types of scaffold materials tested
may not effective in yielding the correct tooth morphology.
To examine the mechanism underlying the abnormal mor-
phology of the regenerated teeth, we observed the devel-
opmental process of the regenerated tooth over 25 weeks. No
organized tissue in the implants was observed in the initial 4
weeks. Between 4 and 8 weeks, some cellular aggregates had
formed an organized tissue in the presumptive tooth struc-
ture (Fig. 3A), resembling dental lamina at the initiation
stage in tooth development (Fig. 3B). The epithelial-like
structure stained positive for the epithelial cell marker,
cytokeratin14 (Fig. 3C), which demonstrated that first step
in the biological tooth was the aggregation of epithelial cells.
At 10 weeks post-transplantation, regenerated tooth struc-
tures appeared to be irregular (Fig. 3D). They showed open
circular structures composed of numerous columnar cells in
the implants with the stellate reticulum encircled by low
columnar cells. Epithelial cells have a higher potential to
aggregate but a lower proliferative activity than mesench-
ymal cells. In addition, the cusp pattern in the tooth crown is
regulated by the gene expression in the enamel knot that acts
as a signaling center [30,31]. It is possible the postnatal
dental cells used in this experiment had lost the ability to
induce the formation of enamel knots in the regenerated
tooth. Alternatively, the dental cells harvested at crown
formation stage may have lost their potential to induce
morphogenesis leading to normal tooth structures.
Another question is raised by observing the developmental
process in this tooth regeneration experiment. Where are the
stem/progenitor cells located in the developing tooth? Dur-
ing the developmental process of tooth regeneration, two
types of developmental patterning were observed. Tooth
crown and root formation are separately observed in one
scaffold [4]. By definition during crown formation, enamel
forms on the crown dentin (Fig. 3E), whereas during root
formation, cementum forms on the surface of the root dentin
(Fig. 3F). In this experiment, the stellate reticulum develops
from a ring of epithelium during crown formation, whereas
the root develops from the folded double-layered epithe-
lium. Stellate reticulum exists between two epithelial layers,
the inner and outer enamel epithelium during the developing
stage of the tooth crown. After the tooth crown has matured,
development of the tooth root starts. At the time when the
tooth root development initiates then the stellate reticulum
disappears and the inner and outer enamel epithelium fuse
[4]. We propose that there are two mesenchymal stem/
progenitor cell populations in dental pulp, which separately
give rise to crown and root formation.
Dental pulp stem cells (DPSC) [32] and stem cells from
apical papilla (SCAP) have been identified within the apical
portion of the root [33]. Therefore, it is possible that dental
pulp cells are diverse in character with their function being
dependent on their localization. More recently, we charac-
terized location-dependent dental pulp stem cells during the
early stage of crown formation in postnatal developing teeth.
Populations of cells localized in the cervical loop epithelium
region represent combined dental pulp horn (PHC) or dental
pulp core chamber cells (PCC), which were isolated from the
porcine third molar tooth (Fig. 4A) [7]. To determine the
tissue-forming capability of each dental pulp cell population
(pulp horn or pulp core), each dental pulp cell population was
Figure 2 Scanning electron microscope (SEM) images of two different tooth scaffolds: collagen sponge (A) and PGA mesh (B). (C)
Tissue-engineered teeth have a similar shape to natural teeth. Enamel (e) covered dentin (d) can be seen and pulp (p) is surrounded by
dentin. Cementum (c) can be seen on the surface of the dentin (d). (D) Reduced enamel epithelial cells (black arrow) can be seen on the
top of the enamel in a high magnification view of enamel (e). (E) Cementum (c) can be seen on the surface of dentin (d). Odontoblasts
(od) with columnar shapes are observed in the pulp (p) and odontoblasts (od) are adjacent to the dentin (d). (F) Hertwig’s epithelial
root sheath (black arrows) is present at the apex of the root formation, (p): pulp.
58 M.J. Honda et al.combined with cervical loop epithelial cells (CLC) [34,35].
Both of the two-tissue constructs gave rise to hard tissues
after 15 weeks in vivo. We identified that pulp core cells
when combined with cervical loop epithelial cells were
involved in the generation of the enamel—dentin complex
(Fig. 4B and C) while pulp horn cells were mainly involved in
the production of dentin—cementum complexes (Fig. 4D and
E). These data suggest that pulp horn cells have lost the
capacity to induce dental epithelial cell differentiation intoameloblasts to produce enamel. This indicates that the
dental pulp cells in the pulp core are at a premature stage
in comparison with the pulp cells in the pulp horn. In support
the indication, pulp horn cells showed 200-fold higher gene
expression than pulp core cells for dentin sialophosphopro-
tein (dspp) [35].
Dental pulp cells derived from progenitor cells present at
the postnatal development stage may have a key role in
regulating of tooth regeneration. It is possible that the forma-
Table 1 Frequency on production of tooth structure. Tooth
structure, represents the produced tissue including enamel—
dentin and dentin—cementum complex, bone-like tissue,
represents the produced calcified tissue without tooth struc-






Collagen sponge 19 (73 1%) 3 (11.5%) 4 (15.4%) 26
PGA mesh 8 (53.3%) 4 (26.6%) 3 (20.0%) 15
Engineered tooth regeneration 59tion of tooth crown or root may depend on regulation by the
dental pulp. In a previous report, early oral epithelium has
been shown to have an instructive role in regulating the initi-
ation stage of tooth development. After day 11 in the mouse,
this instruction is transferred to the dental mesenchyme
[36,37]. Therefore, the dental pulp at the crown formation
stagemay fulfill this regulatory role during tooth development.
4. Engineering tooth regeneration in the jaw
We have described the procedures required to induce tooth
regeneration at ectopic sites such as omentum, but the most
meaningful site is the jaw, which is the appropriate final
location of fully developed teeth. As a next step in the
production of regenerated teeth it is necessary to establish
a strategy for their localization in the jaw.We tested whether
the transplantation of dissociated dental cells could produce
a regenerated tooth in the canine jaw [38]. Unerupted first
molars were obtained from dogs aged 8—12 weeks (weight
range, 2.6—3.9 kg). Approximately 1  106 to 4  106 cells
from dissociated molar teeth were combined with a PGA
mesh and transplanted as an autograft into the same empty
alveolar sockets from where the first molar was extracted.
The presence of new tissue was confirmed in a radiographic
analysis of the jaw over 20weeks. The regenerated tissue was
circular in structure rather than being shaped like a normal
tooth. Histological analysis revealed that the new tissues
consisted of a heterogeneous composite of bone, dentin and
connective tissue. The new bone structure included osteo-
cytes and the new dentin was acellular in appearance with
dentin tubules radiating in all directions. There was an
absence of dental pulp, dental-crown and dental-root for-
mation as well as amelogenesis and cementogenesis. Our
findings indicate that dental cells can survive and produce
dentin or bone in the jaw although the dentin produced is
irregular in shape and small in size. We propose that this is
due to the use of cells in this study at a later stage of tooth
development than was used with the pig studies. As a result,
the number of progenitor/stem cells required for enamel
formation may be quite small. Therefore, it is important to
bear in mind both the stage of tooth development and the
cell numbers of the epithelial stem cells, and its effect on
cellular potential in tooth regeneration. On the other hand,
the engineered teeth derived from embryonic mice dental
cells developed regularly shaped tooth crowns [5,39]. The
results are quite striking. Although it is possible that differ-
ences could be related to the developing stage of the donor
tooth, it is possible that differences may be related to
species: mice or large animal.Recently, several reports were published that are relevant
to the regeneration of teeth in the jaw. A Japanese group has
demonstrated that tooth germ generated from recombined
dental epithelial and mesenchymal cells at E14.5 can pro-
duce a regenerated tooth in the incisor tooth socket of adult
mice. This was the first study to provide the new exciting
prospect of tooth regeneration for future clinical applica-
tions [40,41]. With this technique the presence of all dental
structures with fully function including the periodontal liga-
ment could be observed and the tooth included at tooth
crown and root that were almost regular [40,41]. The results
demonstrate that teeth regenerated from embryonic dental
cells exhibit a regular tooth shape both in the kidney capsule
[5,39,42] and the tooth socket [40]. It should be noted that
the regenerated tooth did not erupt from tooth socket [40].
Duailibi et al. also showed that cultured 4-day postnatal rat
dental cells seeded onto scaffolds and transplanted and
grown in the mandible could form regenerated tooth struc-
tures [43]. This was also the first study of the potential of
subcultured dental cells for tooth regeneration. In this
experiment, radiographic analysis revealed that the regen-
erated teeth do not have the potential to erupt from the jaw.
A new approach in which both bone and a functional tooth
were simultaneously replaced has also been reported. The
preferred technique for surgical repair of jaw defects
requires an autologous bone graft, followed by the place-
ment of dental implants to improve mastication [44].
Although these surgical techniques often resulted in signifi-
cantly improved quality of life, considerable drawbacks
remain, including limitations on the quantity of bone avail-
able and associated donor-site morbidity. Furthermore, in
children, the lack of coordination of the growth of the
reconstructed biological bone and surrounding original bone
is a problem. If we are able to regenerate teeth and bone in
an individual at the same time, then during the development
of that individual growth of the tooth should follow the
growth of the bone. In the absence of the tooth then the
growth of the bone might not be same as if the tooth were
present. Sequential methods were used in this minipig jaw
study. Firstly, dental cells were obtained from molar teeth
and the tooth constructs were fabricated with a combination
of PGA mesh and isolated dental cells. Secondly, bone mar-
row stromal cells were isolated from iliac-crest aspirates of
minipigs for use in the bone constructs. The cells were seeded
on poly-DL-lactic-co-glycolic acid (PLGA) matrix and hybrid
tooth and bone constructs were subsequently fabricated
[45,46]. Tooth constructs were wedged into the central
depression of the bone construct lattice. Finally, a recipro-
cating saw was used to create a segmental bone defect and
the tooth/bone construct was placed into the defect. Ana-
lysis after 12 weeks and 20 weeks showed tooth crown
formation in only one of six implants [46]. The question that
arises from this study is: how much alveolar bone is required
to support the regenerated tooth? On the other hand, the
constructs including tooth and bone fail to erupt from the
jaw, which represents a major hurdle to overcome. Although
detailed molecular mechanisms for tooth eruption and tooth
root formation remain ambiguous at present, it is clear that
these processes are related [47—50]. Since tooth root may
have the potential to erupt from the jaw into the oral cavity,
the timing of the graft of the regenerated tooth may be one
of the most important issues for the eruption of this tooth.
Figure 3 The developmental process of engineered tooth regeneration. (A) At 6 weeks post-transplantation, aggregated cell
populations can be seen in the implants. (B) Dental lamina-like structures develop in the implants derived from postnatal pig dental
cells. (C) At higher magnification, the cytokeratin 14 positive staining can be seen in most cells in the aggregated cell populations
(arrow). (D) At 10 weeks post-transplantation, dentin tissue (arrow) is stained with H—E. The enamel organ (eo) develops within the
dentin. The histogenesis of two patterns can be seen in one implant. (E) An enamel—dentin complex is recognized in the implants.
Enamel (arrow) that formed inside of dentin (d) had a circular shape. (F) A dentin—cementum complex is generated in the same
implant. Cementum (arrow) is formed on the surface of dentin (d) with a stick shape.
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From a clinical perspective, the most important part of the
tooth is the tooth root that is supported by the periodontium.
In contrast, the tooth crown alone cannot fulfill normal tooth
functions without a viable tooth root. The use of artificial
metal crowns to replace a damaged tooth crown has been
widely applied in dental practice. Although the shape and
size of regenerated teeth is very important to restore normal
occlusion, it may be difficult to duplicate the normal cusp
pattern of normal teeth.
Tooth root is composed of dentin—pulp complex and the
covering cementum, and the periodontal ligament (PDL)
supports it in the jaw. We have described the difficultiesin establishing a method to produce whole regenerated teeth
using postnatal dental cells, in the previous section of this
review. Alternatively, instead of whole tooth replacement we
can envisage a partial replacement of the tooth by engineer-
ing the tooth root. This represents a root-shaped dentin mass
associated with the periodontium including cementum, PDL
and alveolar bone. To date, the production of dentin and PDL
has been demonstrated by tissue engineering using human
DPSC and PDL stem cells, respectively [32,51]. When ex vivo-
expanded DPSCs were transplanted in conjunction with
hydroxyapatite/tricalcium phosphate (HA/TCP) powder into
immunocompromised mice they produced a dentin structure
lining the surface of the HA/TCP particles [52]. Human PDL
stem cells have previously been isolated from extracted
Figure 4 (A) At 6 months-of-age in the pig, crown formation is already partly developed in the third molar tooth (arrow). Cervical
loop epithelial cells (CLC) are elongated at the outline of the dental pulp and pulp horn cells (PHC) are capable of separating from pulp
core cells (PCC). df: dental follicle, eo: enamel organ. (B) Enamel—dentin complex is reconstituted from the combination of cervical
loop epithelial cells (CLC) and pulp core cells (PCC) at 15 weeks after transplantation, arrow: enamel. (C) At higher magnification, both
enamel (e) and dentin (d) have developed and cervical loop epithelium can also be seen associated with this complex in one scaffold.
The numerous tall columnar cells with polarized nuclei, ameloblasts (arrow), are localized adjacent to the enamel. (D) The implants
composed of bone and a dentin—cementum complex are reconstituted from the combination of cervical loop epithelial cells and pulp
horn cells (PHC). Bone (b) mainly been regenerated occupied in the implants. The dentin (d)—cementum (c) complex can be seen in
part of the implants. (E) At higher magnification, odontoblasts lined along with dentin (d) and cementoblast-like cells are encompassed
by cementum (c). The border between dentin and cementum can be clearly identified.
Engineered tooth regeneration 61teeth. Transplanted human PDL stem cells mixed with HA/
TCP were able to form a cementum and a dense type I
collagen positive PDL tissue [51]. Several approaches have
indicated that transplanted PDL cell can regenerate period-ontal tissue in animal defect model [53—55]. These results
suggests that transplantation of PDL stem cells directly into
periodontal defects could be a viable approach for period-
ontal regeneration [56].
62 M.J. Honda et al.A new experiment was designed to verify the feasibility of
tooth root engineering (Fig. 5A), which will test whether
cementum and PDL formation can be induced in the space
between dentin and bone. Firstly, enamel organ epithelium,Figure 5 (A) A schematic diagram of the strategy used to produce r
month-old porcine mandible to obtain dental follicle, enamel organ e
obtain sufficient cell numbers for periodontium regeneration. Enam
isolated into single cell populations and the cylindrical bone trunk
follicle cells are placed on the bottom of bone trunk, then dental
epithelial cells on the top of dental pulp cells. Finally, dental follicle c
germ is thereby created with subcultured dental follicle cells, ename
root analog is regenerated with dentin (d)—pulp (p) complex and ce
clearly seen adjacent to root analog. (C) At higher magnification, den
tubules are present within dentin (d) and cementoblasts can be seen
are perpendicular structures connected with cementum (c).dental pulp, and dental follicle are harvested from 6-month-
old pig third molars. Only primary dental follicle cells were
expanded in vitro because of the small number of primary
cells. A cell population that mimics the tooth primordia wasegenerated tooth root. The third molar tooth is harvested from 6-
pithelium and dental pulp. Dental follicle cells are subcultured to
el organ epithelial cells and dental pulp cells are independently
is generated from mandibular bone. Firstly, subcultured dental
pulp cells are placed on top of them followed by enamel organ
ells cover the enamel organ epithelial cells. A mimic of the tooth
l organ epithelial cells, and dental pulp cells. (B) At 24 weeks, the
mentum (arrow) present in the implants. Bone formation (b) is
tin (d)—cementum (c) complex can be clearly identified. Dentin
within cementum (c). Periodontal ligament-like tissues (arrow)
Engineered tooth regeneration 63prepared with the combination of enamel organ epithelial
cells, dental pulp cells and subcultured dental follicle cells.
In particular inserts, the subcultured dental follicle cells
were firstly seeded onto the bottom of the insert, then dental
pulp cells were placed on the top of it, followed by enamel
organ epithelial cells and finally dental follicle cells. This
combination was inserted into the cavity inside the shaft of
the bone and then, transplanted into the omentum of 6-
week-old immunocompromised rats to ensure that the regen-
erated tooth root could grow into the bone. We generated a
bone shaft with an internal cavity, 4—5 mm in diameter using
pig mandible.
We used the bone shaft that we generated as a site for
the regeneration of the tooth root that has enamel organ
epithelium, dental pulp and subcultured dental follicle
cells. Previously, subcultured dental follicle cells have been
shown to be capable of cementum formation [57]. Using this
method, the scaffolds may inhibit the interaction between
epithelial—mesenchymal cells, as well as between dentin
and dental follicle cell [2,58]. The intrinsic positional infor-
mation residing in dental cells may be interrupted to some
extent by the presence of artificial scaffolds [42]. In this
study we used a pellet system to produce regenerated tooth
root.
After 24 weeks, the implants were dissected, fixed,
demineralized and sectioned whereupon they were stained
with hematoxylin—eosin and examined by microscopy. Den-
tin formed around dental pulp-like tissues with the appear-
ance of a normal tooth root shape (Fig. 5B). A large amount of
dentin matrix was deposited and a layer of tubular dentin
was observed to form in the regenerated dentin. Odonto-
blasts were located along the tubular dentin, with processes
extending perpendicular into it. Bone formationwas assayed
using the prepared bone trunk as a container. The spaces
between the regenerated dentin and bone were filled with
mineralized tissue and connective tissues. A thick layer of
cementum-like tissue was formed on the surface of the
dentin. Dense collagen fibers resembling the PDL attached
perpendicularly to the dentin via this cementum-like layer. A
clear line was observed that divided the cementum from the
underlying biological dentin (Fig. 5C). Histological analyses
proved the possibility of regenerating tooth root with the
periodontium.Many people extract healthy teeth because of
impaction and the need for treatment. The impacted third
molars have included stem cells such as dental follicle,
dental pulp and enamel organ epithelium. Based on the
results obtained in this study, a possible method of restoring
tooth loss can be proposed. This cell combination that is used
for regenerating tooth root could be transplanted into the
alveolar bone to restore tooth loss, while the crown is
restored with a traditional restoration method. This repre-
sents our new approach to produce teeth using postnatal
dental cells. It should be noted that it is impossible to
produce regenerated teeth after tooth eruption because
of the disappearance of the enamel organ epithelial cells
that have the capacity to develop enamel. Recently, a
method of tooth root engineering based on root shaped
HA/TCP and mesenchymal stem cells alone was reported.
The strategy here is that pig DPSC are firstly seeded on the
HA/TCP, which is then seeded with PDL stem cells and
inserted into the socket after a lower incisor was extracted.
Periodontium developed in the jaw in this study, but unfor-tunately, the result was only presented as a CT image with-
out any associated histology [33].
6. An alternative source for enamel organ
epithelial cells
It has been suggested that stem/progenitor cells possessing
the capacity to produce teeth exist in the postnatal devel-
oping tooth because tooth structures can be grown for up to
25 weeks by tissue engineering methods [4,7]. However, we
still do not know the location of stem/progenitor cells in
tooth, but it is known that stem cells possess two important
properties. Firstly, stem cells have long-term self-renew-
ability to sustain proliferation in vitro. Secondly, stem cells
have multi-lineage differentiation potential. Tissue engi-
neering protocols involve the expansion of specific cell popu-
lations in vitro, then culture of these cells with or without a
scaffold to enable to the formation of three dimensional
tissues, which can be transplanted into the host [10,21,23].
In almost all previous attempts to produce teeth, the cells
were directly seeded onto scaffolds without any additional in
vitro culture procedure [4,7,59,60].
In a final procedure to produce regenerated teeth, dental
stem cells were isolated and expanded, and reconstituted
the epithelial, dental pulp and dental follicle stem cells in
vitro. This ‘‘reconstructed tooth germ’’ was seeded into the
jaw or suitable sites. A major remaining challenge is the
efficient expansion of tooth-forming progenitor cells, while
retaining their primary phenotype in culture prior to tissue
structure formation. The ability to expand a putative dental
stem cell population in vitro is an important step towards the
therapeutic application of tissue engineering to dentistry
[4,7].
The enamel structure cannot be replaced nor repaired
because the cells that synthesize the enamel matrix are not
present during tooth eruption. No new ameloblasts are gen-
erated from the dental epithelium after the Hertwig’s
epithelial root sheath (HERS) is formed. Therefore, the
establishment of a novel therapy to engineer enamel would
provide an important therapeutic option in treatment of the
loss of enamel. To engineer regenerated teeth with enamel
structures, alternative sources of dental epithelial cells
satisfying the criteria of ready accessibility and rapid expan-
sion in vitro must be found. Hu et al. have proved that bone
marrow-derived cells can be driven into ameloblast lineages
with a polarized appearance. Dental epithelial cells that
derived from the tooth germ cells are retained in the body.
Epithelial cell rests of Malassez (ERM) [52] are located in
the periodontal ligament tissue (PDL) near the developed
tooth root and are derived from the HERS fragments during
advancing root development [61—63]. HERS play a role in the
induction and differentiation of dental pulp cells into odon-
toblasts [62,64,65]. Thus, one of the key features of tooth
root initiation is a structural change from the cervical loop to
the HERS. After the root dentin forms, the HERS starts to
disintegrate and secrete enamel-related proteins onto the
newly formed root dentin surface. At that time, dental
follicle cells are able to migrate on the dentin surface
through the disintegrated regions of the HERS, and then
differentiate into cementoblasts [62,66,67]. Previously, it
has been concluded that ERM in PDL must be completely
Figure 6 (A) A schematic diagram of the method to obtain
enamel organ epithelial cells from themixed culture of tooth cell
populations. Enamel organ epithelial cells can be selectively
cultured with non-serum medium (LHC9). (B) A schematic dia-
gram of the method to expand skin keratinocyte established by
64 M.J. Honda et al.quiescent [68]. Although these results indicate that ERM are
in the G0 phase of the cell cycle in a healthy tooth, ERM can
be stimulated to proliferate in response to injury [69]. In
addition, when the ERM are explanted in vitro, they actively
proliferate and grow [70—72], however there have been no
reports describing the in vivo behavior of subcultured ERM.
Previously, it has been reported that removal of stem cells
from their natural milieu may change their differentiation
properties [73]. The ERM are a direct lineage from the HERS
and are derived from the enamel organ through the cervical
loop structures. Therefore, we hypothesize that the ERM
retains its original ability to secrete a matrix conducive to
generating enamel in a fashion similar to the enamel organ in
the crown formation stage. However, the number of the ERM
in one tooth is quite small. Therefore, it is necessary to
develop a new culture system for ERM to produce enamel.
Before the establishment of enamel-tissue engineering
using ERM, we have developed a protocol for the efficient
culture of enamel organ epithelial progenitor cells which
facilitates the engineering of enamel-tissue in vivo (Fig. 6A
and B) [74]. Briefly, enamel organs were harvested from third
molar tooth of 6-month-old pigs. After removal of the dental
pulp, the isolated dental epithelial cells were subcultured in
growth medium for mesenchymal cells. The initial culture
contained a mixed population of epithelial and mesenchymal
cells (Fig. 6C). After the medium was replaced with serum-
free medium (LHC-9 medium) [76], mesenchymal cells had
disappeared from the primary culture, leaving only epithelial
cells (Fig. 6D). 3T3-J2 cells provided from Dr. Green were
prepared as the feeder layer (Fig. 6E) [14], and the enamel
organ epithelial progenitor cells were subcultured on 3T3
cells (Fig. 6B). According to the in vivo assay system [74],
subcultured dental epithelial progenitor cells were combined
with primary dental pulp cells on a scaffold and were trans-
planted into athymic rats. The primary dental pulp cell
populations were obtained from porcine tooth at the early
stage of crown formation [74]. The subcultured enamel organ
epithelial progenitor cells were able to form enamel when
combined with primary dental pulp cells in the scaffold for 4
weeks after transplantation (Fig. 6F) [77]. These data suggest
that feeder layer culture system can maintain the primary
phenotypes of enamel organ epithelial progenitor cells. WeDr. Green. Epithelial cells are capable of proliferating when
cultured on 3T3-J2 feeder layer cells. The 3T3-J2 cells disappear
during the progression phase of the culture and finally an
epithelial cell sheet is generated. (C) Mixed cell population in
the primary mixed culture from tooth cell populations. (D) Only
epithelial cells are subcultured after replacement of themedium
with non-serummedium (LHC9). (E) 3T3-J2 feeder layer cells are
used to expand enamel organ epithelial cells. (F) At 4weeks after
transplantation, enamel—dentin complex are produced from
subcultured enamel organ epithelial cells in combination with
primary dental pulp cells. (G) At 8 weeks after transplantation,
substantial amounts of enamel (e)—dentin (d) complex can be
seen in the implants when the subcultured epithelial rest cells of
Malassez are implanted in combination with primary dental pulp
cells. Stellate reticulum (s) and ameloblast (a) are easily visible
by H—E staining. (H) At higher magnification, tall columnar cells;
ameloblasts (a) are localized between stellate reticulum (s) and
enamel (e).
Engineered tooth regeneration 65then designed a study to examine the tissue-forming cap-
ability of ERM in order to preserve as many as possible of the
original cellular characteristics using 3T3-J2 feeder cells
[75,78].
Porcine ERM were obtained from periodontal ligament
tissue by explant culture. After non-serum cultivation, iso-
lated subcultured ERM were expanded on 3T3-J2 cells.
Subcultured ERM combined with primary dental pulp cells
seeded onto scaffolds showed enamel formation at 8 weeks
post-implantation (Fig. 6G and H). Positive staining for
amelogenin was observed in the enamel-like tissues, indi-
cating the presence of well-developed ameloblasts in the
implants, suggesting that ERM can differentiate into amelo-
blast-like cells [75]. This demonstrated that ERM are suita-
ble candidates for the source for dental epithelial cells to
produce regenerated teeth. Epithelial stem cells are respon-
sible for the continuous regeneration of tissues such as hair,
skin, and gut [33]. It is unclear whether ERM reside in specific
niches that regulate the self-renewal and differentiation of
the ameloblasts. The next step would be to use dental
mesenchymal stem cells that have the potential to produce
teeth to establish a method to make stem cell-based regen-
erated teeth. From this review, one strategy can be formu-
lated, that provides the possibility of producing regenerated
teeth from one adult third molar tooth. This procedure
utilizes the combination of ERM, dental pulp cells, and
subcultured dental follicle cells.
7. Future prospects for tooth regeneration
This review describes recent advances in tooth regeneration
studies using postnatal dental cells, citing mainly our
research. In the first half of this review we detailed the
principles of tissue engineering and the initial tooth-tissue
engineering studies were introduced. In the second half of
this review, we have focused on the problems arising from the
initial studies and novel approaches to solve these problems
were shown through studies made by us and by other groups.
Finally, we proposed a strategy to make regenerated tooth
root using postnatal adult erupted dental cells. We under-
stand the basic requirements for regenerating teeth, but the
source of cells remains a significant problem. For example,
individuals without teeth do not have a cell source for
autologous regeneration of teeth. Embryonic dental cells
have the potential to reconstruct teeth, but the source of
these embryonic cells is a problem. Multiple new sources of
multipotent cells have become available that could be used
to regenerate the whole tooth. A promising source of multi-
potent stem cells would be provided by reprogramming
somatic cells into multipotent root stem cells. A Japanese
group recently successfully generated induced pluripotent
stem cells from adult human dermal fibroblasts by transduc-
tion of the Oct3/4, Sox2, Klf4 and c-Myc genes. These
induced pluripotent stem cells were shown to be indistin-
guishable from embryonic stem cells andwere also capable of
producing germ line-competent chimeras. These cells could
be used in the production of regenerated teeth in future. This
is one of the most exciting goals of the next decade in tooth
engineering. The continued merging of engineering, medi-
cine, stem cell biology and developmental biology will
enhance our ability to create functional whole teeth.Conflict of interest statement
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